Application of nanofluids for the optimal design of shell and tube heat exchangers using genetic algorithm  by Vahdat Azad, Abazar & Vahdat Azad, Nader
Contents lists available at ScienceDirect
Case Studies in Thermal Engineering
Case Studies in Thermal Engineering 8 (2016) 198–206http://d
2214-15
(http://c
n Corr
E-mjournal homepage: www.elsevier.com/locate/csiteApplication of nanofluids for the optimal design of shell
and tube heat exchangers using genetic algorithm
Abazar Vahdat Azad a,n, Nader Vahdat Azad b
a Department of mechanical Engineering, Faculty of Engineering, Islamic Azad University, South Tehran Branch, Tehran, Iran
b Shahid Sattari University of Aeronautical Engineering (SSUAE), Tehran, Irana r t i c l e i n f o
Article history:
Received 22 June 2016
Received in revised form
3 July 2016
Accepted 23 July 2016
Available online 26 July 2016
Keywords:
Energy optimization
Shell and tube heat exchanger
Nanofluid
Heat transfer coefficient
Pressure lossx.doi.org/10.1016/j.csite.2016.07.004
7X/& 2016 The Authors. Published by Elsevi
reativecommons.org/licenses/by-nc-nd/4.0/)
esponding author.
ail address: abazar.vahdat@gmail.com (A. Vaa b s t r a c t
Optimization of shell and tube heat exchangers in industrial processes has always been a
major goal for engineers and designers. The aim of the present study is to investigate
application of alumina nanofluid to enhance the efficiency of heat exchangers while re-
ducing energy consumption and overall cost. Alumina nanofluid increases the Nusselt
number and thereby increases the heat transfer coefficient of shell and tube heat ex-
changers. Increased heat transfer coefficients reduce the required tube length leading to
reduced pressure drop in the heat exchanger. In the case studied in this paper, over 185%
increase in tube side heat transfer coefficient allows reduction of heat exchanger length
and flow velocity and thereby reduction of pressure drop up to 94%. Consequently, the
overall cost of the heat exchanger reduced more than 55%. Given the important results
obtained from the use of nanofluid to enhance the efficiency of heat exchangers, the use of
this technology is proposed as an efficient and practical method for the design of shell and
tube heat exchangers.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
So far, several studies have been conducted on the optimization of heat exchangers. Researchers considered different
objective functions. Some authors considered the overall cost of the required heat transfer surface area and the energy
required to overcome friction-induced pressure drop (pumping energy) as the objective function. However, some re-
searchers have considered the cost of pumping energy [1] or investment costs [2] as the objective function. Some re-
searchers have analyzed entropy production as an objective function [3,4]. Even, the efficiency to cost ratio has been
analyzed and optimized [5].
Apart from these cases, various variables used as degrees of freedom in the optimization process. Some studies use one
parameter such as baffle spacing [6] as optimization variable while other use multi-parameter optimization [2,7,8]. The
methods used to find the optimal point are different in various studies. Some studies have used numerical methods for
optimizing the objective function [5,9,10]. Evolutionary optimization methods like refrigeration simulation [11] and genetic
algorithm [4,12,13] are among widely used methods for optimization of objective functions.
Dispersion of nanometricnanofluids within the heat transfer fluids increases thermal conductivity and improves heat
transfer performance. The use of nanofluids in heat exchange equipment should be further studied [14]. The first empiricaler Ltd. This is an open access article under the CC BY-NC-ND license
.
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Nomenclature
A Area of heat transfer surface (m2)
a1 Numerical constant
a2 Numerical constant
a3 Numerical constant
B Numerical constant
B Baffles spacing (m)
CE Energy cost (€/kW h)
Ci Capital investment (€)
CL Clearance
Co Annual operating cost (€/yr)
Cod Total discounted operating cost (€)
Cp Heat capacity(kj/kg K)
Cte Constant value
ctot Total cost (€)
De(m) Equivalent shell diameter
D Tube inside diameter (m)
f Friction factor
h Convection heat transfer coefficient (W/m2 K)
H Annual operating time (h/yr)
I Annual discount rate (%)
Nu Nusselt number
K Thermal conductivity (W/m K)
L Tubes length (m)
m Mass flow rate
No Number of tube
Ny Equipment life (yr)
Q Heat duty (W)
P Pumping power (W)
Pit Tube pitch (m)
Pr Prandtl number
Re Reynolds number
ti Tube thickness (m)
T Tube side temperature (°C)
U Total heat transfer coefficient (W/K)
V Fluid velocity (m/s)
Greek symbols
Δptube Equivalent shell diameter
Δpelbows Tube inside diameter (m)
Δpt Friction factor
ΔP Total pressure loss (Pa)
ΔTLMTD Mean logarithmic temperature difference (°C)
δ Thickness of boundary layer (m)
η Pumping efficiency
μ Viscosity (Pa s)
ρ Density(kg/m3)
Subscripts
B Fluid bulk
Bf Base fluid
C Cold stream
H Hot Stream
I Tube side flow
I Inside of tubes
O Outer fluid
O Outside of tubes
P Nano particle
S Shell side
T Tube side
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In this regard, Van and Wedding [15], Zeinali et al. [16] and Wang et al. [17] investigated the use of alumina nanofluid
under laminar flow conditions in horizontal tubes and reported a significant increase in heat transfer. Lee and Modawar [18]
and Zhang et al. [19] studied the use of alumina nanofluid in laminar flow in microchannles and observed a significant
increase in heat transfer. Cho [20], Lee [21] and Williams et al. [22] examined the use of various nanofluids under turbulent
flow conditions in horizontal tubes.
According to Nguyen et al. [23], the use of 7 vol% alumina nanofluid in electronic cooling systems leads in over 40%
increase in the heat transfer coefficient. Buongiorno [24] proposed a model for calculating the Nusselt number of nanofluids
which is in good agreement with experimental data of Chow [20], and Lee [21]. This model is based on analytical methods.
In this paper, we use this model to estimate the heat transfer coefficients of a shell and tube heat exchanger in which
alumina nanofluid flows.2. Design of shell and tube heat exchanger
Since the purpose of this study is to investigate the effect of nanofluid in reduction of the overall cost of heat exchanger,
the overall cost-objective function-including investment and operational costs of the heat exchanger is minimized using the
genetic algorithm. According to Eq. (1), if the thermal load exchanged between the hot and cold streams with certain inlet
and outlet temperatures is constant, the heat transfer surface area is reduced by increasing the overall heat transfer coef-
ficient. Reduced heat transfer surface area will decrease manufacturing costs, fouling and thereby maintenance costs.
= Δ ( )Q FU T 1LMTD
Kern's method [27] is one of the most common methods for the design of heat exchangers. In this method, most design
parameters are available as a fixed correlation. Given known inlet and outlet flow rates, the exchanged heat can be cal-
culated. The heat exchange by the heat exchanger is calculated using Eq. (1). However, the overall heat transfer coefficient
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using Eq. (4).
= ̇ Δ = ̇ Δ ( )Q m cp t m cp T 2c c h h
= ⋅ ( )U u A 3
=
Δ ( )
A
Q
Fu T 4LMTD
The length and diameter of tubes can be calculated using Eq. (5).
π= ⋅ ⋅ ⋅ ( )A n d L 5
The Nusselt number of the tube side is calculated using the following equation.
= ⋅ ⋅ ( )Nu 0. 023 Re pr 6i i0.8 i
0.3
Now, the convective heat transfer coefficient of the tube side is calculated using Eq. (7).
= ⋅ ( )h Nu k d/ 7i i i
The Nusselt number and convection heat transfer coefficient of the shell side is
= ⋅( )⋅( ) ( )Nu 0. 364 Re pr 8o o0.55 o
0.33
= ⋅ ( )h Nu k d/ 9o o o h
It assumed that the thickness of the tubes, and fouling effects is negligible.
so overall heat transfer coefficient calculated as follow:
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If Ut is different with U obtained from the table, the thermal load exchanged by the exchanger will be different with
predetermined thermal load. Therefore, the design parameters should be changed. The length to diameter ratio (d/L) is one
of the key parameters in this area. With an appropriate change in (d/L), the design calculations are repeated. Finally, if the
thermal load exchanged by the exchanger (Q) is not equal with that obtained from Eq. (2), the length to diameter ratio is
again appropriately changed and the design process is repeated until the desired result is achieved. Fluid velocity inside the
tube is calculated using the flow rate correlations and allowed values for various fluids. If V is the fluid velocity inside the
tube, the cross sectional area of flow will be as follows:
=
( )
A
Q
V 11t
t
t
To determine the number of tubes, At is divided by the cross-sectional area of a tube
=
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n
A
A 12
t
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The heat transfer area is
π= ⋅ ⋅ ⋅ ( )A n d L 14h
π
=
⋅ ⋅ ( )
L
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d n 15
h
3. Application of nanofluid in heat exchanger
Equations used for calculating the Nusselt number of nanofluid inside the tube are adopted from Bongiorno [24].
Buongiorno proposed seven slide and motor mechanisms leading to relative velocity of the base fluid and nanoparticles
including inertia, Brownian diffusion, thermophoresis, Magnus effect, depletion and gravity. Among these mechanisms, only
Brownian diffusion and thermophoresis were found to be effective. Buongiorno analysis consists of a binary equilibrium
model for mass transfer, heat transfer and momentum transfer in nanofluid. Buongiorno analyzed dimensionless equations
and found that energy transfer from distribution of nanoparticles is negligible and cannot justify unusual increase in heat
transfer. According to Buongiorno, the boundary layer has different properties due to thermophoresis mechanism and
A. Vahdat Azad, N. Vahdat Azad / Case Studies in Thermal Engineering 8 (2016) 198–206 201temperature. Viscosity is reduced in the boundary layer leading to an increase in heat transfer coefficient. Buongiorno
proposed Eq. (16) to calculate the Nusselt number considering the Brownian motion and thermophoresis mechanism.
]
]
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where ]δ+, ]Pr , f , Prb and Reb represent the thickness of laminar sublayer, Prandtl number in the laminar sublayer, friction
coefficient, Prandtl number in the bulk and Reynolds number of bulk fluid, respectively [24]. Buongiorno divided boundary
layer into laminar sublayer and turbulent sublayer above the laminar sublayer. Experimental data [20,21] are in good
agreement with Eq. (16) [24]. In this article, Eq. (16) is used to calculate the Nusselt number of alumina nanoparticles in
water base fluid. The properties of nanofluid are changed depending on the size and volume ratio of nanoparticles in the
base fluid. Nanofluid density can be calculated from the following equation:
ρ ρ∅ +( −∅) =ρ ( )1 17P bf
For the heat capacity
∅ρ +( − ∅)ρ
ρ
=
( )
c 1 c
c
18
P P bf bf
The viscosity of nanofluid can be obtained by:
μ ( + ϕ + ϕ ) = μ ( )1 39. 11 533. 9 19bf
2
Fig. 1 shows an increase in the Nusselt number of alumina nanofluid in water base fluid. As can be seen, as the volume
percentage of nanoparticles increases, the Nusselt number increases. Fig. 2 shows the Nusselt numbers for the fluids
containing and lacking alumina nanofluid at the same Reynolds number for the volume ratio of 0.01–0.07%. As shown, this
ratio is always greater than 1.0 for Reynolds numbers of 17,000 to 50,000 indicating the effect of nanoparticles on increased
heat transfer coefficient. With increasing the volume percentage of nanoparticles, the Nusselt number of nanofluid in-
creases. The maximum Nusselt number is obtained for Reynolds number of 50,000 at 0.07 vol% of nanoparticles which is
approximately equal to 2.5.4. Optimization
To determine the optimal geometry of heat exchanger, the optimal conditions should be selected among increased heat
transfer coefficient and reduced pressure drop. Fig. 3 shows calculated pressure drop changes in terms of overall heat
transfer coefficient for the heat exchanger presented in Table 1. As can be seen, pressure drop increases with increasing the
overall transfer coefficient. If the thermal load of the heat exchanger is a predefined value, the required surface area for heat
transfer will be reduced with increasing the heat transfer coefficient. As a result, the manufacturing costs are reduced.
However, the pressure drop can impose additional costs for pumping. In other words, the overall cost of a heat exchanger
includes investment cost due to the cost of materials used in the manufacture of heat transfer surface and operational costs
or pumping costs.
If the total cost of a heat exchanger is defined as the optimization objective function, the optimum condition is selected
among increased heat transfer coefficient and reduced pumping energy consumption due to pressure drop. Therefore, the1 1.5 2 2.5 3 3.5 4 4.5 5
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Fig. 1. The Nusselt number increases by increase of nanoparticles volume percentage.
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Fig. 2. Nusselt numbers for the fluids containing and lacking alumina nanofluid.
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Fig. 3. The calculated pressure drop changes in terms of overall heat transfer coefficient.
Table 1
Characteristics of the heat exchanger.
Fluid Mass flow
rate (kg/s)
Inlet temperature
(°C)
Outlet temperature
(°C)
Density (kg/
m3)
Heat capacity
(kJ/kg K)
Viscosity
(Pa s)
Heat conduction coef-
ficient (W/m K)
Distillated water
(shell side)
22.7 33.9 29.4 995 4.18 0.00082 0.62
Water (tube side) 35.32 23.9 26.7 999 4.18 0.00092 0.62
A. Vahdat Azad, N. Vahdat Azad / Case Studies in Thermal Engineering 8 (2016) 198–206202objective function is defined as the sum of manufacturing and pumping costs (operational costs). The objective function is as
follow:
= + ( )C C C 20tot i od
The manufacturing costs of a heat exchanger is calculated using Hall method [25] as a function of the surface area.
= + ( )C a a A 21i a1 2 3
where a1¼8000, a2¼259.2, and a3¼0.91 for heat exchangers made from stainless steel for both tube side and shell side.
Operational costs involving Pumping energy cost for overcoming the pressure loss caused by friction are evaluated using the
correlations adopted from [26].
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The total pressure loss of the tube side and shell side are obtained from the following relationship:
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In the above equations, the subscript j denotes the number of the heat exchanger in series. The parameter p in Eq. (25)
has various values in references taken from different case studies. Overall pumping efficiency is taken as η = 0.7 and an
annual amount of work hours is H¼7000 h/yr. All values of discounted operating costs were computed with energy cost
0.12 V/kWh, equipment life ny¼10 yr and annual discount rate i¼10%.
Writing governing heat transfer equations for the tubes containing nanofluid and developing them using Kern's method
[27] to exchange thermal load between hot and cold streams, the required heat transfer surface area and pressure drop are
defined in the form of a mathematical model. The objective function (total cost of heat exchanger) is determined using a
mathematical model. Optimization parameters and degrees of freedom in the design of heat exchanger include the volume
ratio of nanoparticles, tube diameter, baffle spacing and the number of tubes. Optimization constraints are upper and lower
limits of design parameters. The inner diameter of tubes ranges from 12 to 46 mm, baffle spacing ranges from 5 and 50 cm,
the maximum number of tubes is 2000 and the volume ratio of nanoparticles ranges from 1 to 7 vol%.
Evolutionary optimization methods are used to optimize the objective function. The genetic algorithm [28] as one of the
methods for finding the optimal point is used to find the optimal values of design parameters and to obtain the minimum
total cost of heat exchanger. Genetic algorithm determines the optimal value by generating 50 random points within the
search range of input parameters. After 200 iterations, it reaches the absolute optimal point of the objective function.5. Case study
The efficiency of the method proposed in this paper was evaluated by analyzing an example adopted from relevant
sources to ensure the accuracy of data. The case study in this paper is the design of a heat exchanger for water in shell and
tube sides adopted from Kern [27]. The thermal load of the heat exchanger is 0.415MW. Table 1 shows the characteristics of
the heat exchanger.6. Discussion
The optimization results are presented in Table 2. In this case, a major part of cost is consumed for pumping to com-
pensate for the pressure drop in the heat exchanger. As can be seen, for the heat exchanger optimized in this study, with
460% increase in the number of tubes, the length required for heat exchange is reduced by 75.2%. As shown in Table 2, an
increase in the number of tubes will result in a decrease in the velocity of fluid inside tubes. Reduced fluid velocity inside the
tubes is effective in reducing the pressure drop in the heat exchanger. Therefore, the pressure drop in the tube and shellTable 2
Comparison between optimized exchanger (with nanofluid) and designed in the Kern's book.
Design parameter Kern's book Optimized with nanofluid Design parameter Kern's book Optimized with nanofluid
d (m) 0.016 0.0123 vi(m/s) 2.04 0.6562
L (m) 4.88 1.2100 vo (m/s) 0.94 0.3252
B (m) 0.3048 0.4765 Rei 36,400 8754.1
D (m) 0.387 0.7158 Reo 16,200 4640.7
Pitch (m) 0.023 0.0204 hi (W/m2 K) 6558 4349.3
Cl (m) 0.004 0.0041 ho (W/m2 K) 5735 3510.6
Nt 160 909 )∆ (p Pat 51710.6 2766
Prt 6.2 6.2323 )∆ (p Pas 53089.6 3299.7
de (m) 0.0139 0.0118 A (m2) 46.6 56.2734
Prs 5.4 5.5548 u (W/m2 K) 1471 1169.9
Ctotal (€) 43,989 19,709
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Fig. 4. Impact of velocity and tube length on reducing pressure drop.
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designed in Kern's book. This is obtained for 75.2% decrease in the length of exchanger, 67.8% reduction in flow velocity
inside the tubes and 65.6% reduction in the velocity of fluid in the shell side. However, reduction in the shell and tube side
velocities and diameter of tubes and hydraulic diameter reduced the Reynolds number by 71% and 75.9% respectively in the
tube and shell sides.
Fig. 4 shows the changes in the velocity and length of tubes and their impact on reduced pressure drop. A decrease in the
Reynolds number can reduce the Nusselt number and the shell and tube sides heat transfer coefficients. In this case, the heat
transfer coefficient inside the tubes in the absence of alumina nanofluid is 1524.5W/m2K. According to Table 2, convective
heat transfer coefficient in the presence of alumina nanofluid is 4349W/m2K. In other words, the use of alumina nanofluid
resulted in 185.2% increase in heat transfer coefficient of the tube side (Fig. 5).
The use of alumina nanofluid increased the heat transfer coefficient and compensated for reduced heat transfer coef-
ficient due to reduced Reynolds number. The use of nanofluid allows reduction of pressure drop by reducing the fluid
velocity and tube length. In other words, the impact of nanofluid on increased heat transfer coefficient enables the designer
to reduce the fluid velocity and exchanger length and thereby the pressure drop. As a result, the overall cost of the optimized
exchanger (19,709 €) is reduced by 55.19% compared with the exchanger designed in the Kern's book (43,989 €) (Fig. 6).7. Conclusion
The optimization objective function is the total cost resulting from the pressure drop and heat transfer surface area. The
genetic algorithm was used for optimization of the objective function. Over 185% increase in tube side heat transfer coef-
ficient allows reduction of heat exchanger length and fluid velocity and thereby pressure drop up to 94%. The total cost of
the optimized heat exchanger was reduced by 55.19% as compared with that designed by conventional methods. In2
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coefficients, lower heat transfer surface area and lower investment and operational costs as compared with the exchanger
designed by conventional methods. Thus, the design of heat exchangers using nanofluid technology is suggested to en-
gineers, designers and researchers as an efficient method. In this paper, the design of shell and tube exchangers using
nanofluids was proposed.References
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